A variational calculation of the ground state of the Anderson lattice model is discussed. The calculation creates a finite Hamiltonian matrix for many-electron states, which are appropriate for the thermodynamic limit. A simple 14 X 14 truncation is discussed for finite U and a smaller 3 X 3 is used for the large U limit. Both approximations indicate that the spin configurations of the localized/orbitals are antiferromagnetically correlated for nearest neighbors in the ground state. This anti ferromagnetic correlation is mediated by an RKKY interaction and thus offers a variety of spin orderings as a function ofIattice and density.
INTRODUCTION
The study of the ground state of the Anderson lattice model CALM) has recently generated several papers.! These studies have used a variety of methods, of which the most successful to date have been variational. The most frequently used technique in the last year has been the Gutzwiller method.
2 In this approach two particle states on the localized single-site! states are projected out of the variational wave function. The minimization of the energy functional is carried out in the usual way. An essential assumption in most applications of the Gutzwiller wave function is the evaluation of expectation values only at single sites on the lattice. In fact, many authors have correctly characterized the Gutzwiller method as a single-site mean field theory' in the sense that eachf-orbital site is assumed to be the same as the others. Recently, Vulovic' and Abrahams 4 demonstrated that the Hartree Fock ferromagnetic ground state was lower in energy than the Gutzwiller paramagnetic state in the Kondo regime for a certain range of model parameters. This discovery points out a weakness in the Gutzwiller approach in that no information about the spin correlations between localized f orbitals at different sites is available. This paper presents an alternative approach to the variational problem for the ALM, which does give information about intersite correlations. The method we propose here starts from the same initial state as the Gutzwiller method, but includes the doubly occupied states. We obtain information about the f-orbitallattice spin configurations through their contributions to the ground-state energy. In particular, we find for a wide range of densities that the ground state should be dominated by a nearest-neighbor antiferromagnetic correlation. A wide variety of orderings is possible.
This method has its origin in the Mancini and Mattis 5 application of the Lanczos recursion scheme 6 to many-electron states. The restriction of this original Lanczos method to tridiagonal total energy matrices was rdaxed 7 with COIlsiderable success and improved convergence when applied to the Anderson impurity model. The truncated matrix approximations for the type of basis states to be discussed below gave much lower ground-state energies than the corresponding Mancini-Mattis tridiagonalizations with less efiort. It was found in comparison with exact Bethe Anzatz ground state of the Anderson impurity model that the simplest approximations of this approach recovered the major properties quite well. This paper represents an extension of these ideas to the ALM.
The approach starts with a suitable many-electron state and then applies the HamiltonianH to it. Successive applications of H creates an energy matrix between orthogonal many-electron states. The initial stages generated in this sequence have been found to contain a surprising amount of information about the ground-state correlations. Finite truncations of this matrix have provided reasonably good approximations to the ground-state properties of the Anderson impurity model with relativelY little labor. In the simplest demonstration of this property for the ALM we will show that a 3 X 3 matrix truncation (in the large U limit) displays an antiferromagnetic correlation which lowers the ground state over ferromagnetic and random spin configurations.
A possible strength of this method is its ability to exhibit ground-state information with relatively small amounts of effort. The ground-state energies are given in terms of averages of single-particle energies and occupation probabilities over the initial states.
7 As will be seen below, this method seems to give information that has not been found in other methods. One drawback of this technique is, however, that small excitation energies from near the Fermi energy are not wen approximated in the initial truncations and will probably require very large basis sets. The vectors that are included in the truncations are all valid in the thermodynamic limit.
METHOD
The initial vector is the same as that used by the Gutzwiller approach, and consists of a half-filled conduction band and the lattice of singly occupied! orbitals with a given spin configuration:
where the spin configuration for the lattice is specified by the set of spins on each site (Sl'S2".') 
and
A where x ± is defined below in Eq. (6c). The first vector I \II I)
creates a doubly occupiedfstate on the lattice and a conduction electron hole. The k sum is over the first Brillouin zone and the I sum is over the entire set oflattice sites. The second vector ! q, 2) creates an empty f orbital and a conduction electron above the Fermi energy. These two states are orthogonal and their norms are given by
where (6a)
try and where n ks = <I¥olck~ C ks IlPo) and the sum represents the fractional occupation of the conduction band for particular spin states. Each of these vectors contains all possible conduction andl-electron single particle hole excitations appropriate for consideration in the thermodynamic limit.
The operation of H on each of these two vectors generates 11 new vectors. These vectors correspond to all possible two-electron and two-hole states and their distribution between the conduction band and thej:electron lattice. We may classify these 11 vectors into three distinct classes: (A) vectors that are relevant in the thermodynamic limit A in our ground-state estimates. The inclusion of an the vectors in class B is required if one wants to approximate well the continuum excited states of the system. Including finitely many of these class B vectors in the matrix will lower the ground state a very sman amount and will mostly fin in the spectrum of the excited states between the class A eigenvalues. The class A vectors have as diagonal matrix elements of the Hamiltonian matrix average band energies and they alone should give a good approximation to the ground state.
The number of distinct vectors in class A is only four, These can be further classified by their excitation structure on the f-orbitallattice and thus by their dependence on U, The f-electron spin lattice configuration can be represented by a set which displays the sequence of spins on each site. A particular spin in a configuration at a site will be represented by ansI' whiIean emptyforbital will be represented by (O)!> and a doubly occupied site will be denoted by (x) t. The four types of vectors are is]"oo,(O)j, ... ,(Oh,oo"sn) ,
Oct)
The three vectors (7b)-(7d) all have diagonal Hamiltonian matrix elements with a U term. For large U the effect of these vectors on the lowest energy of the matrix will be very small. Because of size limitations on this note We will not explicitly consider these three vectors except to examine some of their matrix elements below.
To examine the ground-state energy in the large U limit we need only consider a matrix that has three distinct vectors: 1'1'0>' the vector in Eqs. (4) where Eo is the energy of the conduction band and the singly occupied lattice off orbitals. The energy 8£ is the average particle-hole excitation for conduction electron f-orbital hole excitations and is defined by
The off-diagonal Hamiltonian matrix element between i\llo) and 1'{lI> is V IN(T=-x~T, where x + is the fractional occupation number of the conduction band wth spin that is the same as thef-orbital configuration of !\{Io)' The major effect to be reported in this paper is a consequence of the matrix element between the vectors in Eqs. (4) (9) ( 10) It is important to notice in Eq. (9) that the lattice sum of the squares ofthe RKKY functions contain only terms in which the two spins are parallel. This means that the second term in the matrix element will be largest when all of the spins are aligned in a ferromagnetic arrangement. Such an arrangement will make the value ofthis off-diagonal matrix element its smallest. Any other arrangement of spins will give a larger matrix element and thus a lower ground-state energy estimate. Because the RKKY functions are largest for small separations and oscillate with increasing R the effect of the nearest neighbors will be largest in the lattice sum. Thus forbital lattice spin configurations which have strong nearestneighbor antiferromagnetic correlations will result in the lowest ground-state estimates.
An approximate expression for the ground state of the 3 X 3 matrix mentioned above is
where we have expanded in a series expansion to lowest Ofder in the matrix element (9). As discussed above, in a ferromagnetic lattice r is its smallest. In an antiferromagnetic configuration r will be its largest and the ground state wiiI be at its lowest.
This conclusion about the /-orbital spin configurations is not altered by the inclusion of the vectors (7b) - (7 d). The remaining matrix elements in the extended matrix, which are necessary for a finite U discussion are of the form ,,40 (12) Note that here the RKKY factor lattice sums only contain contributions from pairs off orbitals with antiparallel spins and the sums in this ca.<;e increase the size of the matrix elements. In this case larger matrix elements also will be given by antiferromagnetic correlations, especially between neighboring sites. These larger matrix elements will further contribute to a lower ground-state energy.
The RKK Y functions have a scale factor determined by be consistent with the lowest ground state depending on the location of the zeros of the RKKY functions and the spacing of the lattice sites.
SUMMARY
In this work we have applied a discrete matrix method to the variational calculation of the ground-state energy of the ALM. While this method is not extremely sensitive to excitations close to the Fermi energy it nevertheless gives information about ground-state spin correlations which are induced by the interplay of the hybridization and the Coulomb repulsion. The results of this work are valid for finite U. One of the more surprising aspects of this study is that the size of U does not alter the qualitative conclusion that antiferromagnet correlations among the localized/spins dominates the ground state of the ALM. Matrix elements which are operable for finite U also favor nearest-neighbor antiferromagnetic correlations. This variational method is not dependent on the dimensionality of the system and a comparison of the ground states in different dimensions will be discussed elsewhere. Another aspect of this approximation which needs to be explored further is the variety of spin configurations and crystal structures that arise out of the interplay of the range and symmetry of the RKKY functions.
ACKNOWLEDGMENT
One ofthe authors (JDM) would like to thank Dr. Judith Ginsberg of the Research Council of Fordham University for partial support of this work.
